Abstract-Internet of Things (IoT) applications need wireless connectivity on devices with very small footprints, and in RF obscure environments. The antenna for such applications must work on multiple global system for mobile communication (GSM) bands (preferred choice for network connectivity), provide near isotropic radiation pattern to maintain orientation insensitive communication, be small in size so that it can be integrated with futuristic miniaturized IoT devices, and be low in cost to be implemented on billions of devices. This paper presents a novel 3-D dual-band near-isotropic wideband GSM antenna to fulfill these requirements. The antenna has been realized on the package of electronics through additive manufacturing to ensure efficient utilization of available space and lower cost. The proposed antenna consists of a meander line antenna that is folded on the faces of a 3-D package with two variations, 0.375λ length for the narrowband version and 0.67λ length for the wideband version. Theoretical conditions to achieve nearisotropic radiation pattern with bent wire antennas on a 3-D surface have been derived. The antenna has been optimized to operate with embedded electronics and a large metallic battery. The antenna provides 8.9% and 34.4% bandwidths, at 900 and 1800 MHz, respectively, with a decent near-isotropic radiation behavior.
Whilst GSM1800 band has 9.45% bandwidth (uplink: 1710.2-1784.8 MHz and downlink: 1805.2-1879.8 MHz) [6] . As can be noticed, both bands have fairly wide bandwidth requirements. For region-limited applications, it is usually sufficient to cover only the respective regional GSM band. However, covering more GSM bands is attractive for IoT devices, as it ensures that device will be able to function in more countries around the globe. GSM is a well-established communication standard for urban environments, and GSMenabled IoT devices are often placed inside the buildings or crowded environments. In such setting, devices may have proper GSM signal strength available only in certain single direction. Thus, an isotropic or near-isotropic radiation pattern on an IoT device antenna is desirable to ensure that the device is able to function properly irrespective of its placement orientation. IoT devices are exponentially increasing in number and are expected to exceed 20 billion by 2020 [7] . With such a large number of devices, cost is a very important consideration whilst designing new devices. Also, with newer applications demanding IoT capability on small items, there is an increasing pressure for designs to be miniaturized. Summarizing the above-mentioned discussion from antenna design perspective, it can be seen that space efficient, low cost, multiband near-isotropic GSM antennas, with sufficiently wide bandwidth have critical value in the design of new IoT devices.
Miniaturization and lower cost can be addressed through the antenna-on-package (AoP) concept and by utilizing additive manufacturing techniques [8] [9] [10] [11] . AoP concept is useful because the antenna is integrated on the package of the chip or the device. Since packaging is already present on every electronic device, fabricating the antenna on it saves any additional requirement of space and material, and thus, makes it economical. Furthermore, cost savings can be done through additive manufacturing techniques such as 3-D printing and inkjet printing as these methods are digital, and thus, do not require expensive masks. Moreover, they deposit material only where required as compared to the traditional subtractive manufacturing techniques where pattern is realized by removing material. Thus, material wastage and cost are reduced.
Unfortunately, however, there is no prior work in the research literature that makes use of these recent techniques to combine desired antenna qualities for IoT devices discussed earlier, in a single antenna. Table I gives a comparison of various research works targeting near-isotropic antenna designs. As can be seen that there are very few works that employ AoP and/or additive manufacturing concepts; further works such as [20] and [21] that do utilize AoP and additive manufacturing concepts for miniaturization and cost reduction, are single narrow band only. This is because maintaining the nearisotropic radiation pattern and sufficiently wide bandwidth on multiple bands is quite challenging for AoP designs. A lot of works [12] [13] [14] , [17] , [18] , [22] , [25] have employed electric-magnetic dipole pair technique with 2-D antenna design to achieve near-isotropic radiation pattern. Being 2-D, these designs take up a large space and are prone to lose communication link, if IoT device is placed such that the antenna is close to and facing ground. Alternatively, 3-D designs such as the antenna presented in this paper achieve near-isotropic radiation pattern by putting antenna segments on multiple faces of package. These designs are advantageous in the sense, that communication is still possible even if IoT device is placed such that one of antenna segments is close to and facing ground. Some of the works [17] [18] [19] [20] [21] [22] [23] [24] have employed a 3-D antenna design approach for the near-isotropic radiation pattern. These works, however, are single band and do not have sufficiently wide bandwidths. Reference [24] has presented a 3-D antenna design, which is dual band. This design is, however, narrow band and neither employs additive manufacturing nor the AoP concept. References [25] and [26] have also presented interesting antenna designs; however, they have not been included in Table 1 , because [25] is only simulations-based paper and does not report any measured results. In addition, designs in both the papers have nulls within a small portion of the radiation sphere, which is neglected in determining the isotropic behavior. Note that, a theoretical model of an electrical dipole and a magnetic dipole was investigated in [15] for obtaining quasi-isotropic radiation pattern of a dielectric resonator antenna. However, that model is not suitable for wire antenna on package design. Summarizing the discussion, as of yet, none of the works in the recent research literature demonstrate an antenna which fulfills all the requirements for modern IoT devices. As mentioned earlier, this is due to design difficulties faced while trying to combine all requisite features established earlier in a single design.
This paper presents, for the first time, a GSM dual-band bended wire antenna, fabricated on a package using additive manufacturing. Preliminary simulation results of the dual-band 3-D antenna have been shown in a conference paper [27] . The antenna has near-isotropic radiation pattern in both GSM900 and GSM1800 bands. The antenna satisfies bandwidth requirements for both GSM bands. Moreover, this paper derives theoretical conditions for designing near-isotropic wire antennas on 3-D surfaces.
II. CONDITIONS OF A NEAR-ISOTROPIC WIRE ANTENNA
Near-Isotropic GSM dual-band antenna presented in this paper is a wire antenna wrapped on the surface of a package. The radiation pattern of a wire antenna can be determined as the superposition of radiation patterns of a set of electrical dipoles. Each electric dipole is assumed to simulate a bended segment of the wire antenna. Conditions to optimize shape of the AoP for near-isotropic radiation pattern can be determined by using a model of three orthogonal electrical dipoles. Fig. 1 shows the basic model for the analysis of orthogonal set of electrical dipoles. We start by investigating the electrical dipoles, located along the X-and Y -axes.
A. Model of Two Electric Dipoles
The current densities of the X-and Y -axes-oriented electrical dipoles in the Cartesian coordinate system (X, Y , Z ) are given as
where m x and m y are the moments of the dipoles along the X-and Y -axes, respectively, δ(x) is the Dirac delta function, x 0 and y 0 are the unit vectors along the X-and Y -axes, J x and J y are the current densities of the dipoles along the X-and Y -axes. The electric dipole along the X-axis has the meridional E θ and azimuthal E ϕ components of radiation pattern in the spherical coordinate system (r , θ , ϕ)
The components of the radiation pattern of dipole along the Y -axis are
where η = 120π; k = 2π/λ, λ is free-space wavelength, and j is the imaginary unit. A combination of the X-and Y -oriented dipoles with a phase shift ψ, gives meridional and azimuthal components of the radiation pattern as follows:
Phase difference ψ between the dipoles can be optimized, when they have the unit moments (m x = m y = 1), to get the most isotropic total radiation pattern
Using (4) and (5), the expression for the total radiation pattern can be written as
When ψ = π/2, (6) can be simplified as
From (7), it can be seen that variation of the total radiation pattern from the maximum to minimum value is 3 dB. At ψ = 0, (6) can be simplified as
From (8), it can be seen that the total radiation pattern has a null direction at θ = π/2 and ϕ = π/4, 5π/4. Thus, a quasi-isotropic radiation pattern can be achieved, when the orthogonal dipoles have a 90°phase difference. Fig. 2 shows radiation pattern (6) for different ψ. From Fig. 2 , it can be seen that the radiation pattern has 11.7, 8.34, and 6.2 dB gain variation when ψ is 30°, 45°, and 60°. 
B. Model of Three Dipoles
The two electrical dipoles model can be easily realized for a planar AoP. However, radiation-efficient planar antennas are supposed to take larger space. Thus, the resulting package is not very compact. As shown in [19] [20] [21] , a 3-D meander antenna is composed of three or more segments covering surfaces of a package.
For the case of a 3-D wire antenna that has bent segments along X-, Y -, and Z -axes, the two dipoles model can be updated by adding Z -oriented dipole ( Fig. 1 ) with current density
where m z is the dipole moment and z 0 is the unit vector along the Z -axis. Radiation pattern of the Z -oriented current has only meridional component
Total radiation pattern of the three orthogonal electrical dipoles model with unit moments (m x = m y = m z = 1), and a phase shift ψ between X-and Y -oriented dipoles and a phase shift ψ 2 between Z -and X-oriented dipoles can be written as
When ψ = π/2, (11) can be simplified as
From (12), it can be seen that the variation of the total radiation pattern from the maximum to minimum value is 4.77 dB for any phase shift ψ 2 . Thus, as long as the phase difference between any two dipoles (X-and Y -oriented; or Y -and Z -oriented; or X-and Z -oriented) is 90°, the model of the three orthogonal electrical dipoles provides near-isotropic radiation pattern with 4.77 dB gain variation regardless of the phase of the third dipole. 
C. Model of Three Dipoles on a Package
The models discussed in Sections II-A and II-B assume that the antenna is in vacuum and the dipoles are located at the origin of the coordinate system. To analyze the concept for an antenna on a practical package, the model requires the dipoles to be placed on the faces of a dielectric package which has a cavity inside to house the circuitry and battery, as shown in Fig. 3 . The dielectric package has dimensions of L = 60 mm, W = 43.6 mm, and H = 36 mm, and the cavity has dimension 42 mm alone the X-direction, 45 mm along the Y -direction, and 33 mm along the Z -direction. The material properties have been used for a typical 3-D printing material "Vero Black Plus," which has a permittivity of 2.8 with a loss tangent of 0.02 at 1 GHz.
The dipoles are assumed to have unit moments. X-and Y -oriented dipoles have 0°phase shift, while Y-and Z -oriented dipoles have 90°phase shift. This model has been simulated in Ansys HFSS software. The results from HFSS simulations match well with the results from the theoretical model using (12) , as can be seen in Fig. 4 , where both show a gain variation of 4.7 dBs.
III. 3-D WIRE ANTENNA DESIGN ON A PACKAGE
Ideal antennas have been used in Section II to validate the near-isotropic conditions. In this section, we present a practical wire antenna design that has been wrapped on a 3-D package.
A. Model of Wire Antenna on a 3-D Package
The AoP is modeled as a meandered line structure, which is wrapped on a 3-D dielectric package (Fig. 5) . The dielectric package has the same dimensions as mentioned in Section II-C. The 3-D antenna has been designed for a center frequency of 900 MHz for single-ended driving circuit connection. The wire antenna has dimensions of L1 = 44 mm, L2 = 36 mm, L3 = 22 mm, L4 = 27.5 mm, W 1 = 4 mm, G1 = 15.5 mm, G2 = 6.5 mm. The dimensions L1 and L2 have been optimized to get 90°phase difference between points 1 and 2. The bending of L3 and L4 and the length of L4 effect the antenna current distribution, and thus, help in impedance matching. From Fig. 5 , it can be seen that segments L1, L2, and L3 have areas with unit normalized current amplitude. Each of these areas can be assumed as an electrical dipole. Thus, the wire antenna shown in Fig. 5 can be approximated by three orthogonally oriented dipoles with unit amplitudes. Furthermore, since there is 90°phase difference between points 1 and 2, therefore, the wire AoP must exhibit near-isotropic radiation pattern (as per the conditions derived before). The maximum and minimum gains of wire AoP is 0.4 and −5.3 dBi, respectively (gain variation of 5.7 dB). The simulated 3-D radiation pattern of the wire AoP for 900 MHz center frequency is shown in Fig. 6 . The gain variation is 1 dB more than the three orthogonal electrical dipoles at the origin; however, it is still good to qualify for an isotropic radiation pattern. The variation of 1 dB can be due to the nonidealities introduced by folding the antenna segments as well as due to the small arm used for feeding the antenna, as these are not present in the theoretical model. Nonetheless, the conditions presented in Section II are good enough to design 3-D wire antennas on a package with a decent isotropic behavior.
B. Dual-Band Near-Isotropic Antenna Design
In Section III-A, the mathematical conditions have been derived for achieving near-isotropic radiation pattern by a wire antenna wrapped on a 3-D package. This has been done for a single band and without any electronics embedded in the package. However, for practical applications, the antenna must operate for both the GSM bands (900 and 1800 MHz), as have been mentioned in Section I. Moreover, the antenna must operate well in the presence of electronics inside the package. In this section, we modify and optimize the antenna structure from Section III-A (from Fig. 5 ) to accommodate for these two aspects, i.e., dual band and operation with the embedded electronics in the package. For this package, the embedded electronics is planned to be underneath the battery so it will have minimal effect on the antenna performance. However, the presence of the metallic battery will have significant effect on antenna performance so it is important to include it in the simulation model. The battery has been included as a metallic rectangular box inside the package and the size is chosen to be that of a standard BL-5C Li-Ion battery (as can be seen in Fig. 7) .
To obtain the near-isotropic radiation pattern at two frequency bands, designed antenna should have current distributions satisfying the theoretical condition of 90°phase difference for both of the bands. For that purpose, the dimensions of the antenna and the box were optimized to get as close as possible to 90°phase difference on both bands. The optimized dual-band wire AoP with dimensions L = 65 mm, W = 43.6 mm, H = 20 mm, L1 = 28 mm, L2 = 12 mm, L3 = 33.6 mm, L4 = 26.5 mm, and W 1 = 10 mm, is shown in Fig. 7. Fig. 8 shows the simulated current distributions of the dual-band antenna at 900 and 1800 MHz.
The simulated reflection coefficient (S 11 ) of the dual-band antenna is shown in Fig. 9 . The −10 dB impedance bandwidth is from 887-902 and 1780-1830 MHz, which is not sufficient to cover for the entire available GSM bandwidths. The simulated radiation patterns of the dual-band wire antenna at 900 and 1800 MHz are illustrated in Fig. 10 . At 900 MHz, the maximum gain is 0.2 dBi and the minimum is −5.8 dBi (gain variation is 6 dB). At 1800 MHz, the maximum gain is 3.2 dBi and the minimal gain is −4.9 dBi (gain variation is 8.1 dB). These gain variations are acceptable for the nearisotropic radiation patterns.
From Fig. 8(a) we may define three areas along X-, Y -, and Z -axes with a unit normalized current amplitude (seen in red and marked as 1-2, 2-3, and 3-4). From this simulated plot, a phase difference of 118°has been recorded between points 1 and 2 at 900 MHz. The theoretical model for three dipoles predicts 6.5 dB gain variation when the phase difference between any two dipoles is 118°, where from the simulated radiation pattern, it can be seen that the gain variation is 6 dBs, which is close to the predicted value from the theoretical model. From Fig. 8(b) , it can be seen that the unity normalized current only exists in the X and Y planes (areas 1-2 and 3-4) with 135°phase difference between points 1 and 4 at 1800 MHz. It is, therefore, appropriate to use the two dipoles model. The theoretical model predicts 8.3 dB gain variation which is quite close to the gain variation value of 8.1 dBs from the simulated radiation pattern. Overall, a good correlation between the theoretical and simulation models can be observed.
C. Wideband Dual-Band Near-Isotropic Antenna Design
As mentioned earlier, the dual-band AoP optimized in Section III-B has narrow bandwidths: 1.7% at 900 MHz and 2.8% at 1800 MHz, which cannot cover the complete GSM900 (8% bandwidth) and GSM1800 (9.4% bandwidth) bands. The design shown in Fig. 7 can be modified to obtain wider bandwidths. Fig. 11 shows the geometry of a wideband dual-band antenna where the total size of the package is 106.8 × 44 × 42 mm 3 with a battery inside the package.
To obtain wider bandwidth, the width of the meander main arm has been increased and ground is enlarged as compared to the design shown in Fig. 7 . As a result, the package length and height have been increased to accommodate these changes. This decreases the inductance of the line and increases the overlap between the antenna and the ground. Thus, additional capacitance is created, which reduces the quality factor Q and improves the impedance matching bandwidth. Also, the impedance matching has been improved by trimming the square edges near the excitation. The dimensions of the antenna are: L = 106.8 mm, W = 44 mm, H = 42 mm, Ra = 15 mm, Rg = 24 mm, L1 = 17.3 mm, L2 = 12 mm, W 1 = 30 mm, L3 = 13.6 mm, L4 = 48.8 mm, G1 = 17 mm, and G2 = 95 mm.
The current distributions for the wideband antenna at 900 and 1800 MHz are shown in Figs. 12 and 13 . The wideband antenna has a more complex current distribution than the narrowband design due to much wider arms and complex ground plane. It can be seen in Fig. 12 that the currents at points 5 and 7, as well as points 2-3 and 6-7, have opposite directions. This is different from the previous simpler antenna design cases, where the unity amplitude (normalized) currents are not in opposite directions. Therefore, the simple theoretical model cannot accurately predict the gain variation for complex antennas such as this wideband antenna design. Nonetheless, for complex antenna designs, it can still be used as a starting point to estimate the antenna 3-D shape or approximate dimensions, which can then be optimized in a professional electromagnetic solver, as has been done in different iterative stages of this dual-band wideband antenna design.
The simulated S 11 of the wideband dual-band antenna in comparison with the simulated S 11 of the narrowband wire antenna is shown in Fig. 14 . It can be seen that S 11 of the wideband antenna is less than −10 dB for frequencies ranging from 880 to 960 MHz (the bandwidth is 8%) and 1360-2250 MHz (the bandwidth is 48.8%).This enhancement in bandwidths at both the GSM bands is sufficient to cover for the entire available bandwidths. Fig. 15 shows the normalized 2-D contour radiation patterns of the wideband antenna at frequencies of 900 and 1800 MHz. The simulated maximum and minimum gains of the antenna at 900 MHz band are 1.75 and −7.05 dBi, respectively (the gain variation is 8.8 dB). At 1800 MHz band, the calculated maximum and minimum gains of the antenna are 3.28 and −6.52 dBi, respectively (the gain variation is 9.8 dB). Simulations with various positions of the rectangular metallic box show that the position of battery inside package does not significantly effects the gain variation of the antenna. This is because the current on the battery's surfaces is very small. However, the positioning of the battery does strongly effect S 11 of the antenna.
IV. FABRICATION AND MEASURED RESULTS

A. A. Fabrication
Fabrication of AoP is challenging, since it has antenna segments on multiple faces of the package and some of them are on the inner faces of the 3-D package. A combination of 3-D printing of the dielectric material (package) and screen printing of the metal traces (antenna and ground) allowed this otherwise difficult fabrication to be done fairly easily. The package has been 3-D printed in two parts (i.e., the bottom base and the top box) to facilitate embedding of the battery inside the package. This step is followed by screen printing of the corresponding antenna segments on these package parts. Finally, the package parts are combined by superglue and the conductive parts are connected by conductive epoxy to realize the 3-D printed package with integrated antenna.
The 3-D printing has been done using Stratasys Objet260 Connex1 3-D printer and the process is shown in Fig. 13 . This printer has 30 μm vertical resolution for a single layer (thickness) and the maximum print dimensions of 255×252×200 mm 3 . The material used in this printer is "Vero Black Plus" (a proprietary material from Stratasys). These values have been verified by measurements on an impedance analyzer.
In the printing process, first the package has been 3-D printed (Fig. 16) . Then, the antenna segments have been screen printed on the 3-D printed package faces, using a propriety silver ink from LPKF, with a resistivity of 0.0007 cm. Before screen printing, the 3-D printed package surface has been cleaned and exposed to UV ozone for duration of 5 min. This increases the surface adhesion of the 3-D printed material. Since the 3-D printed material (i.e., Vero Black Plus) deforms at temperatures above 80°C; therefore, screen-printed ink is cured at room temperature. Typically, curing at 150°C can take around an hour; however, room temperature curing takes longer. In the future, other sintering mechanisms such as photonic sintering can be used which is much localized and does not create a lot of heat or high temperature, and hence, 3-D printing materials can be explored.
Finally, the antenna segments on all the package surfaces have been connected together using Circuit Works CW2460 conductive epoxy. This epoxy has volume resistivity smaller than 0.001 cm. The epoxy has also been cured at room temperature. The fully printed antenna is shown in Fig. 17 . It is worth mentioning here that inkjet printing of antenna segments was also tried. Though, it is possible to inkjet print conductive features at much finer resolution, inkjet printing consumes a lot of time, depending upon the drop spacing, drop volume, and available nozzles. Furthermore, multiple runs are necessary to achieve the desired thickness of the printed layers. Comparatively, screening printing can achieve few micrometers thickness in a single run; controlled by the thickness of the mask; and is much faster.
B. Measurement Results
The simulated and measured S 11 of the wideband dual-band antenna are shown in Fig. 18. From Fig. 18 , it can be seen that the measured S 11 of the wideband antenna is less than −10 dB for frequencies 886-975 (bandwidth is 9.8%) and 1280-1900 MHz (bandwidth is 34%). This fulfills the bandwidth requirement for both the GSM bands. Generally, the simulation and measurements are in good agreement; however, there are some slight differences that could be due to the loading effect of the SMA connector and cable (which are not part of the simulation model). The radiation pattern of the fabricated antenna has been measured in a Satimo StarLab near-field measurement system, as shown in Fig. 19(a) . Fig. 19(b) and (c) shows the normalized 2-D contour measured radiation patterns at frequencies of 900 and 1800 MHz. The measured maximum gain is 0.90 and 1.71 dBi at frequencies of 900 and 1800 MHz, respectively. The gain variation is 8.92 and 9.99 dB at frequencies of 900 and 1800 MHz, respectively. Table II shows a comparison of the simulated and measured results. The simulated and measured results match satisfactorily, except that the measured gain of the antenna is 0.8 dB less at 900 MHz and 1.5 dB less at 1800 MHz as compared to the simulated gain. There are two factors responsible for this difference. First, the corner connection of conductive surfaces realized with conductive epoxy does not have conductivity as good as the ideal case in simulations. Second, the roughness of 3-D printed surface varies a lot due to layer by layer printing technique employed by the Stratasys 3-D printer. Thus, the sidewall of the fabricated package is rougher compared to the flat top and the bottom surface. This creates a higher resistance on the antenna segment printed on side wall. Accordingly, antenna efficiency decreases when the operating frequency increases. This means that the antenna has more losses at the frequency of 1800 MHz than at the frequency of 900 MHz.
V. CONCLUSION
A novel 3-D wideband dual-band antenna on package fabricated using low-cost screen printing and 3-D printing technology is presented for the IoT application. Theoretical conditions to design near-isotropic wire antennas on 3-D surfaces were derived. These conditions were, then, used to design a novel 3-D wideband dual-band, near-isotropic antenna; fabricated on package for miniaturization, using low-cost screen printing and 3-D printing technology. The fabricated antenna provided 10 dB impedance bandwidths of 89 and 620 MHz at GSM900 and GSM1800 bands, respectively. The achieved bandwidths are wider than the required bandwidths of concerned GSM bands. The antenna maximum gain was measured to be 0.90 and 1.71 dBi, with corresponding gain variations of 8.92 and 9.99 dB at frequencies of 900 and 1800 MHz, respectively. From the Table I of published work on the topic, it can be seen that the 3-D antenna is amongst the nearisotropic antennas with the smallest electrical dimensions. For the future work, this simple theoretical model may be upgraded to include opposite current direction dipoles to cater for more complex designs.
